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Abstract. Knowledge of the viscoelastic properties of the resin present in uncured
pre-impregnated composites is essential for the development and optimization
of current automated manufacturing processes for composite parts (AFP, ATL,
FPP…). Time-temperature superposition applied to the tack force between the
prepreg and the tool allows to optimize production times without influencing the
viscoelastic behavior of thematerial by simply varying the temperature. The appli-
cation of this time-temperature superposition principle requires the calculation of
two parameters that depend on thematrix of the composite and that are usually cal-
culated by rheological tests with pure resin samples. In this work, a novel method
to obtain these parameters directly from the pre-impregnated composite material
using adhesion tests is presented.

Keywords: Composite material · Prepreg · Tack · Time-temperature
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1 Introduction

Pre-impregnated compositematerials are of special interest in the composite parts manu-
facturing industry because the great stability of the automatic pre-impregnation process,
compared to wet lay-up process, allows laminates with higher and more uniform fiber
to resin ratio, which means better mechanical properties of the manufactured parts.

Processing of pre-impregnated composite materials is usually performed via manual
lamination, requiring skilled technicians and an elevated number of working hours. This
is the reasonwhy, in recent years, numerous techniques have been developed to automate
the lamination of materials [1]. Knowing the adhesive behavior of uncured composites
when they come into contact with the different tooling systems is essential to optimize
their quality and productivity [2–5].
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Crossley et al. demonstrated that the Williams, Landel and Ferry (WLF) model for
time-temperature superposition can be applied to the calculation of the maximum tack
force (FT ) between the pre-impregnated material and any surface [6].

FT (T , t) = FT (T0, taT ) (1)

log10 aT = −C1(T − T0)

C2 + (T − T0)
(2)

where T is the temperature; t, the contact time; and C1 and C2, the WLF shift factors
that depend on the resin and the reference temperature (T0). These constants are usually
obtained by rheological tests. However, such a test, although possible, is complex to
perform with pre-impregnated materials due to the influence of the reinforcement fibers.

In this work, an experimental method that allows the obtention of the constants
defined by Williams, Landel and Ferry without the need to perform a rheological test is
proposed. Using a differential mechanical analysis (DMA) machine, the tack force of
the pre-impregnated material to the tooling (FT ) is measured at different temperatures
and with different contact times under pressure. Using these values in the solution of
Eqs. (1) and (2) for different points of the FT curves, the WLF constants of this work
can be obtained.

2 Method

2.1 Materials

For the realization of this work, a non-commercial pre-impregnated material manufac-
tured by the authors is used. This composite material is manufactured from a twill (2 ×
2) carbon fiber TC203Tmanufactured by Teijin Group with an areal weight of 200 g/m2,
and a 200 g/m2 epoxy resin film MTFA500 from SHD Composites. For the fabrication
of the pre-impregnated material the stack of fabric and resin is subjected to temperature
and pressure for a period of 10 min in a hot plate press at 60 °C and 0.4 MPa. With these
values, a correct resin transfer is observed, obtaining a uniform composite material from
which to obtain the samples necessary for the adhesion tests described below.

2.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) tests are performed to the samples for rheology,
the prepreg material and the virgin resin to know the degree of curing suffered during
the processing of the resin, and to verify that there are no significant differences between
the samples for rheology and the samples for the adhesion tests.

2.3 Rheology

Small amplitude oscillatory shear tests (SAOS) are performed in which isothermal fre-
quency sweeps in a range between 0.5 and 200 rad/s, and temperatures from 30 °C to
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60 °C. From these tests, the values of the storage modulus (G′) and losses (G′′) can be
obtained and, hence, the WLF shifting factor (C1 and C2) at 30 °C and 45 °C.

For the rheology tests carried out during this work, resin specimens of 25 mm diam-
eter and 1 mm thickness are manufactured by stacking several layers of film until the
target thickness is obtained. The resin stack is compacted at 60 °C for 10 min for
homogenization.

2.4 Adhesion Tests

For the measurement of tack force, a TA Instruments Q800 DMA equipped which a
tooling specifically designed for this type of test is used.

Fig. 1. Tooling during the compression stage. (b) Tooling during the debonding stage

The moving part of the tooling consists of a 10 mm diameter cylinder (4) which is
lowered to apply a controlled force for a fixed time (Fig. 1A) and then ramps upward
until the adhesion force at the resin-steel interface is exceeded (Fig. 1B). The sequence
of the test is as described below:

1. The composite material sample (2) is placed with the side with more resin facing
upwards on the 40 mm disc (1) and is fixed using the locking ring (3).

2. The machine’s furnace is closed and brought to the test temperature.
3. A 5 min isothermal holding is performed to ensure that both the tooling and the

pre-impregnated composite sample reach the target temperature.
4. The test starts by lowering the 10mmdiameter cylinder (4) until it contacts the sample

of composite material and applies a compressive force of 3 N.
5. The contact force is maintained for the test time and then, the force is released.
6. The tensile force is increased at a rate of 9 N/min until debonding occurs.
7. The sample is removed and both surfaces are cleaned with acetone for the next test.

Figure 2 shows a typical curve obtained in this type of test in which the three phases
of the experiment can be clearly distinguished:

1. Isothermal holding phase at the test temperature.
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2. Compression phase.
3. Debonding phase.

Fig. 2. Characteristic curve of an adhesion test

It is during the debonding phase that the failure occurs. This point, indicated on the
displacement curve in Fig. 2, can be identified as the highest velocity point. The force
value measured at that instant of time corresponds to the maximum tack force. This
procedure is repeated for temperatures ranging from 20 °C to 50 °C and contact times
from 0.10 min to 10 min.

With the maximum adhesion force values (FT ) obtained for each one of the tests
mentioned above, it is possible to construct a master curve at the chosen reference
temperature (T0). To construct this master curve, it is necessary to horizontally shift
the curves obtained using Eqs. (1) and (2). The experimental values are subjected to an
optimization algorithm in which the WLF constants C1 and C2 are searched for. This
algorithm fits the shifted data to a curve of the formFT (t,T0) = a ·tb and searches for the
values of C1 and C2 for which the coefficient of determination (R2) is maximized. This
fitting procedure is performed, as in the rheology tests, at two reference temperatures:
30 °C and 45 °C.

3 Results

3.1 DSC

Table 1 shows a summary of the most important values obtained from the DSC tests
performed for each sample. Assuming a degree of cure (DOC) of 0% for the virgin
resin, it can be observed that the samples obtained after the process of impregnation of
the fibers and after the manufacturing of the rheology specimens have reached a degree
of cure of 11% and 2%, respectively. In both cases, low degrees of cure are observed.
However, this difference in the degree of cure may affect the values obtained for the
WLF constants.
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Table 1. Summary of DSC results

Sample Enthalpy (J/g) Tg (°C) DOC

Virgin resin 350 3,7 0%

Pre-impregnated material 310 2,9 11%

Stacking for rheology 343 2,8 2%

3.2 Rheology

Values for the storage modulus (G′) and loss modulus (G′′) when exposing a resin speci-
men to isothermal frequency sweeps with 0.5% strain amplitude are obtained. Applying
the time-temperature superposition principle, the obtained curves are horizontally shifted
to a reference temperature (T0). Table 2 shows the values of the WLF constants for 2
reference temperatures (30 °C and 45 °C) calculated from the data obtained from testing
two resin specimens under the described test conditions.

Table 2. Values of the shift factors C1 and C2 at 30 °C and 45 °C calculated from rheological
tests on pure resin samples.

30 °C 45 °C

Test C1 (-) C2 (°C) C1 (-) C2 (°C)

1 1.37 6.89 0.41 21.14

2 1.35 9.15 0.47 23.14

Mean 1.36 8.02 0.44 22.15

Standard deviation 0.019 1.60 0.043 1.41

3.3 Adhesion Tests

Figure 3A shows the results obtained in the adhesion tests described in Sect. 2.4 of this
work. It can be observed that, in general, the tack force between the pre-impregnated
compositematerial and the steel surface of themoving cylinder increaseswith decreasing
temperatures and increasing contact time under pressure.

Figure 3B and 3C show the values of FT shifted to the reference temperatures
T0 = 30 °C and T0 = 45 °C, respectively, using the WLF displacement factors given
in Table 3. A high degree of fit can be observed in these curves, especially in the points
displaced from the high temperature results.
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Fig. 3. (A) Tack force (FT ) between prepreg and steel as a function of contact time under pressure
(t) and test temperature (T ). (B) Tack force curves (FT ) shifted at T0 = 30 °C. (C) Tack force
curves (FT ) shifted at T0 = 45 °C.

Table 3. Values of the shift factors at 30 °C and 45 °C calculated from adhesion tests.

30 °C 45 °C

C1 (-) C2 (°C) C1 (-) C2 (°C)

2.21 36.01 3.78 21.01

4 Conclusions

In this work, the need to develop an alternative technique to rheology for obtaining the
Williams-Landel-Ferry constants in pre-impregnated composite materials is justified.
For this purpose, the authors develop a method based on probe tack testing that allows
to obtain these values directly from composite material samples.

Using a differentialmechanical analysis (DMA)machine, probe tack tests at different
temperatures and with different contact times under pressure are performed. Using these
values in solving the WLF the WLF constants are obtained.

Isothermal frequency sweeps are performed on samples of the same resin using a
rheometer. The results obtained from these tests allow to calculate, by state-of-the-art
methods, the WLF constants to validate those obtained by the new methodology.

The methodology proposed in this work yields values of the WLF constants in the
expected orders of magnitude. These values allow the construction of master curves with
an excellent fit at various temperatures. However, it is observed that the values obtained
for these constants do not match those obtained by rheology, which opens the door to
an improvement of the proposed methodology.
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